We report zero-field NMR measurements of a viscous organic liquid, ethylene glycol. Zero-field spectra were taken showing resolved scalar spin-spin coupling (J-coupling) for ethylene glycol at different temperatures and water contents. Molecular dynamics strongly affects the resonance linewidth, which closely follows viscosity. Quantum chemical calculations have been used to obtain the relative stability and coupling constants of all ethylene glycol conformers. The results show the potential of zero-field NMR as a probe of molecular structure and dynamics in a wide range of environments, including viscous fluids.
Introduction
Recent developments in zero-and ultra-low-field (ZULF) NMR with superconducting quantum interference devices (SQUIDs) [1] [2] [3] and atomic magnetometers [4] [5] [6] [7] open new possibilities for imaging and spectroscopy. In conventional NMR spectroscopy, chemical shifts and spin-spin couplings are utilized to distinguish molecular structures [8, 9] , where spin-spin couplings are treated as a first-order perturbation to the Zeeman energy. To obtain high sensitivity and resolution of chemical shifts, high magnetic fields are conventionally used, requiring expensive radio-frequency spectrometers and bulky superconducting magnets with cryogenic cooling. ZULF-NMR with atomic magnetometers utilizing alkaliatom vapor cells has enabled non-cryogenic, desktop spectroscopy [5] [6] [7] . While chemical shifts vanish at zero field, ZULF-NMR spectra are governed by indirect nuclear spin-spin couplings called scalar or J-couplings that depend on the electronic structure and geometry of the molecule [5, 10] . In contrast to the chemical shift due to diamagnetic current of the occupied orbitals, the J-coupling is an indirect interaction between nuclear spins through second-order hyperfine effects [8, 9, [11] [12] [13] , and thus serves as a sensitive local probe of molecular geometry and electronic structure.
Until now, investigations of ZULF-NMR with atomic magnetometers have focused on low-viscosity liquids with simple molecular structures and weak intermolecular interactions [5] [6] [7] , achieving half width at half maximum as low as %0.01 Hz [14] [15] [16] comparable to that of advanced high-field (HF) NMR. Many materials of practical interest -polymers or proteins, for example, feature significant van der Waals interactions and hydrogen bonds. Therefore, the ability to detect such interactions through their J-coupling spectra in ZULF-NMR is of significant importance. Compared to HF-NMR, ZULF-NMR may have advantages in resolution because of the absence of the static and dynamic broadening mechanisms inherent in the spectroscopy of chemical shifts. For a liquid sample, the linewidth of ZULF-NMR is governed by the dynamical width due to nuclear dipole fields and J-coupling [9] . However, the magnitude of J-couplings sensitively depends on the molecular conformation and interactions in a way that is not always straightforward to predict.
Here we use a model system, 13 C 2 -labeled ethylene glycol (EG, HO-13 CH 2 -13 CH 2 -OH), featuring strong intermolecular hydrogen bonds. NMR has been utilized to investigate molecular dynamics [17, 9, 18] and conformational equilibria of polyalcohols [19] [20] [21] [22] [23] [24] [25] [26] angles in one C-C and two C-O torsion angles, theoretical calculations have shown that two gauche conformers with a C-C torsion  angle at possible potential minima, 60 and 300 , are favorable rather than trans conformers with a torsion angle of 180 [27] [28] [29] [30] [31] [32] [33] [34] [35] . The two-bond J-couplings in 1 H NMR measurements support the predominant gauche state [19] [20] [21] [22] [23] [24] [25] [26] . However, NMR studies of EG have been usually made in solution states [19] [20] [21] [22] [23] [24] [25] [26] possibly due to the broadening of NMR spectra in neat EG, and the effect of intermolecular hydrogen bonding between EG molecules for the conformations remains insufficiently explored.
In this paper, we study the effect of viscosity on ZULF-and HF-NMR spectra by controlling the viscosity through varying temperature and water content of EG solutions. We observe changes in ZULF-NMR spectra that are due to minute changes in J-couplings that can be attributed to intermolecular hydrogen bonding and molecular dynamics in bulk EG.
Experimental technique
The ZULF-NMR apparatus has been described previously in Ref. [7] and references therein. An EG sample pre-polarized in a permanent 2.0 T magnet situated outside the magnetic shield was shuttled to the zero-field region through a guiding coil. Because the low frequencies of ZULF-NMR preclude the use of inductive detection, NMR signals were detected with an atomic magnetometer incorporating a Rb vapor cell ( 87 Rb and 1300 torr N 2 ) operating at 180 C. The alkali vapor was optically polarized with circularly polarized light tuned to the D1 transition. Magnetic field measurements were performed by continuously monitoring optical rotation of linearly polarized light, propagating in a direction perpendicular to the pump beam, tuned about 100 GHz away from the center of the pressure broadened D1 transition. Optical rotation of the probe beam was monitored by using a balanced polarimeter or by using a polarimetry scheme involving a quarter-wave plate/photoelastic modulator and a crossed polarizer. In the latter case, phase sensitive detection was used. ZULF-NMR transient signals were collected for 4-12 s following application of a $1 ms duration magnetic-field pulse to excite nuclear spin coherences. For the measurements presented here, 256 or fewer transients were averaged prior to Fourier transformation. The sample temperature was controlled by flowing hot air and monitored with a thermocouple.
NMR measurements were performed with bulk EG (1,2-13 C ethanediol from Sigma Aldrich with 1-2% water content as measured by Karl-Fischer titration) and dilutions with distilled water in a 5 mm diameter Pyrex tube. The materials were used without further purification. The volume of EG was 100 lL for the undiluted sample and 50 lL for aqueous solutions. NMR tubes were sealed with parafilm to reduce evaporation and absorption of water. The spectra were obtained by Fourier transformation of the free-decay signals after cancellation of phase independent external noise (e.g., that from power lines) and subtraction of thermal-drift signals of the magnetometer. To obtain the linewidth and shift of spectral peaks, the ZULF spectra were fitted to a sum of Lorentzians.
Computational method
The optimized structure of each of the ten conformers was obtained via energy minimization including second-order Møller-Plesset correlation energy corrections [36] and using a triple-f quality correlation-consistent basis set augmented with diffuse functions (MP2/aug-cc-pVTZ). Solvent reaction field of chloroform (dielectric constant e = 4.7) and ethylene glycol (e = 37.7) was included by means of the polarisable continuum model [37] . Electronic energies were corrected with the addition of enthalpy and entropy corrections at 298 K to obtain the Gibbs free energies. Subsequent calculations of J-couplings, also in the presence of the solvent reaction field, were run using density functional theory with the BHandH functional [38] and the pcJ-2 basis set [39] , which is specifically tailored for the calculation of spin-spin couplings. All contributions to J were included: the Fermi-contact, diamagnetic and paramagnetic spin-orbit and spin-dipole terms. All calculations were run with the Gaussian09 software package [38] . Following Ref. [40] , we label each structure with three letters representing the HOCC, OCCO and CCOH dihedral angles. Lower case g, g 0 , t indicate values around þ60 ; À60 and 180 , respectively, while uppercase G and T refer to the gauche or trans OCCO conformation, respectively. Figures are shown in Supporting Information. Degeneracy of the conformers was taken into account in the calculation of the population distribution and weighted average J-couplings.
Results and discussion
The thermal variations of internuclear interactions were studied by ZULF-NMR spectra of bulk ethylene glycol. these spectra, we first note that an isolated 13 CH 2 group produces a signal at (3/2) 1 J CH [5] , corresponding to %210 Hz. In EG, two such groups are coupled together via one-bond carbon-carbon coupling 1 J CC , a two-bond proton-carbon coupling 2 J CH , and two inequivalent three-bond proton-proton couplings 3 
These additional couplings produce the rich splitting patterns shown in Fig. 1 .
The profile is in qualitative agreement with the simulation obtained from the time-evolution of the density matrix for six spin-1/2 nuclei [5] evaluated with the values of the coupling constants obtained from HF NMR [25] . The simulated J-coupling spectra at 76 C, as shown in Fig. 1(b and c) 12 Hz, with these couplings scaled by a dimensionless parameter k (k = 0 implies no coupling to the hydroxyl protons due to fast exchange and k = 1 implies full coupling, as would be the case in the absence of hydroxyl exchange). Comparison between the simulations and the experimental spectra in Fig. 1 suggests that all couplings to hydroxyl protons are averaged to zero by chemical exchange. The vicinal proton coupling, 2 J HH , has no observable effect on the spectrum [25] .
As the temperature is increased beyond 90 C, an additional doublet structure becomes apparent for each line with a splitting of 0.7 Hz. We attribute this splitting to an external magnetic field that appears due to imperfect residual-field shimming at elevated temperatures, consistent with Fig. 1(c) . Note that the linewidth of the ZULF spectra decreases with increased temperature (Fig. 2) . While the linewidth exceeds 2 Hz full width at half-maximum at room temperature, we have dm ¼ 0:30 Hz at 108 C. As seen in Fig. 2(b) , dm follows the viscosity [41] as a function of temperature. The narrowing with increasing temperature is likely due to enhanced molecular tumbling [17] . The linewidth may also be affected by hydroxyl proton exchange, which leads to relaxation via modulation of J-coupling frequencies, as discussed in Ref. [10] . Together with the line narrowing, the spectral intensity increases due to reduced relaxation during shuttling, reflecting an increase of the spin-lattice relaxation time.
In addition to the appearance of extra structures with increasing temperature, the spectra exhibit a slight positive shift, e.g. from 208.65(5) at 38 C to 208.92(1) Hz at 108 C for the central intense peak, as shown in Fig. 2(a) . The position of this peak is primarily determined by the sum of 1 J CH and 2 J CH , which may provide information about the conformational equilibrium, though a rigorous means of extracting all coupling constants from the ZULF spectrum would provide stronger support.
To examine the effect of solution concentration on molecular conformation, we measured ZULF-NMR for aqueous EG solutions with different concentrations, as shown in Fig. 3 . We find narrowing of ZULF-NMR spectral features, similar to what is observed in the thermal variation for the bulk sample. Presumably, this reflects the reduction of the correlation time of molecular rotations with both increasing temperature and dilution, improving the averaging of the dipole-dipole interactions that broaden the lines.
Each line shows an approximately parallel shift to higher frequency with increasing water content, keeping the interval between the lines approximately constant. A parallel shift of the spectrum would indicate that the effect is due to 1 J CH , though deviations from a perfectly parallel shift would indicate that effects are due to changes in 2 J CH . The much larger shift (1.8 Hz between 2% and 80%, Fig. 4(a) ) compared to the thermal shift in neat EG (% 0:3 Hz between 40 and 110 C, Fig. 2(a) ) highlights the importance of the solvent effects.
Dilution with water exponentially suppresses the viscosity (Fig. 4(c) ) and also tends to replace hydrogen bonds among EG molecules with those to water. The linewidth also scales as viscosity, as observed in the temperature dependence, indicating the correlation time of molecular tumbling governs the linewidth. In contrast to the thermal variation, an offset linewidth of 0.3 Hz (the left vertical axis) remains in the scaling relation, presumably due to the effect of water protons in the infinite-dilution limit. This linewidth is substantially greater than would be attributed to magnetic field inhomogeneity or temperature gradients (approximately 0.01 Hz) [14] [15] [16] , and should be primarily representative of the intrinsic spin-spin relaxation time. A detailed understanding of the shifts towards higher frequencies observed both with increasing temperature and dilution with water would require an accurate description of the conformers' populations. Molecular-dynamics simulations would be able, in principle, to provide the full distribution of dihedral angles of EG. However, currently available classical force fields are not sufficiently accurate to describe hydrogen bonds and the associated key dihedral angles involving the OH groups (indeed, there is no generally accepted parameterization even of the OCCO angle [30, 42, 43] ). On the other hand, Car-Parrinello simulations [44] are too demanding for the slow dynamics of a viscous fluid. Thus here we only attempt to provide a qualitative description.
To this end it is convenient first to examine the simpler case of EG in chloroform (CHCl 3 ), where intermolecular interactions, especially H bonds, are expected to play a negligible role. The experimental data from the literature are compared with the results of DFT calculations where the EG molecule is embedded in a continuous medium with the dielectric constant of CHCl 3 (see Section 3). This case serves as a test of the performance of the theoretical level selected. We then compare the experimental data here reported with the results of DFT calculations where the dielectric constant has been set to the value in EG in order to model long range solvent effects in the neat liquid. However, explicit intermolecular H bonds cannot be fully described by this method.
The results of the calculations in chloroform are summarized in Table 1 . For each conformer there are 28 couplings which are reduced to 10 independent values because of fast rotation and/or molecular symmetry. In Table 1 , we only report the averaged values; for example 1 J CH is the average of four calculated couplings of each 13 C with its two protons. In agreement with previous theoretical investigations, [40, 45] the most stable conformer is tGg 0 followed by gGg 0 and g 0 Gg 0 , which account for about 90% of the total. Most G conformers exhibit some intramolecular hydrogen bonding (HB), as expected for an essentially isolated molecule. The Boltzmann-averaged J values can be directly compared with those reported in [25] measured in CDCl 3 , because this solvent is expected to have negligible HB with the solute EG. The agreement is good, especially for the couplings involving 13 C: the average absolute error is just 0.37 Hz, which gives us confidence on the calculated population distribution in CHCl 3 .
Calculated couplings using the solvent reaction field of EG differ only slightly from those in CHCl 3 ; this is not unexpected because, even though the calculations include the long-range dielectric response of the environment, no explicit solvent molecules account for intermolecular HB. However, in EG, solvent intermolecular hydrogen bonds are not negligible and may change the relative conformer stability, although the experimental results in Table 2 do not show striking differences compared with the experimental values of Table 1 .
The experimental value of 1 J CH in neat EG at room temperature (%141.2 Hz) is slightly lower than in CDCl 3 . This suggests that the population distribution in bulk EG is different from what we have calculated using EG as a solvent, and, because of intermolecular interactions, likely enriched in some conformers with low values of 1 J CH , such as gGg, tGg or tGt, to remain within G conformers. The magnitude of 2 J CH is also slightly larger in neat EG than in CDCl 3 , also likely due to stabilization of conformers with more negative values of 2 J CH due to intermolecular interactions. The variations in these values may explain the small shift towards higher frequencies as the temperature is increased because the frequency of the central resonance is, to first order, 3 2
If the conformers with smaller values of 1 J CH þ 2 J CH are more stabilized by intermolecular interactions in bulk EG, an increase in temperature would produce an increase in the average value and therefore a shift of the central resonance of the ZULF spectrum. A similar rationale may explain the even larger shift observed when EG is diluted in water, even though a precise determination of the various conformers population in EG and the exact values of their couplings, is not possible.
It is noteworthy that the C-C coupling constant is also strongly dependent on the EG conformation. As a general rule, and similarly to the 1 J CH case, we note that G conformers exhibit smaller 1 J CC couplings (38-41 Hz) while T conformers exhibit larger 1 J CC (41-45 Hz) couplings. A rough measure of the strength of this coupling is given by the width of the ''multiplet'' centered around 3 2 Fig. 4(b) , the spectral features move slightly together with increasing dilution, indicating a decrease in 1 J CC .
Conclusions and outlook
In this work, intermolecular interactions were studied with ZULF-NMR in ethylene glycol, a prototypical viscous liquid. For a bulk sample we observed relatively broad J-coupling spectra with reduced intensity compared to low-viscosity liquids. The linewidth of the ZULF spectral features varies in the same way as viscosity does in the thermal and the aqueous concentration dependences. We observed small changes in the J-coupling constants while controlling the influence of intermolecular interactions with heating and dilution. The results are consistent with high-field NMR studies.
Overall, density functional theory calculations successfully model the conformer distribution and J-couplings in EG, provided that they are experimentally determined under conditions where intermolecular interactions are weak (i.e., in chloroform). When such interactions are strong (bulk EG or aqueous solution), we expect the population of conformer to be altered. Nevertheless, the agreement between calculations and experiment is still quite good. Therefore, the capability of accurately measuring J-couplings by ZULF-NMR, coupled with their computational predictions, can provide information on the conformer distribution.
Our results illustrate the capability of ZULF-NMR for determining molecular structures and conformations in viscous liquids with significant intermolecular interactions and fast relaxation. The linewidth of ZULF-NMR can be free from inhomogeneous fields and chemical shift anisotropy, and is thus a straightforward method for the measurement of intrinsic relaxation times. Future work focusing more closely on hydrogen bond interactions may be feasible using strong bases to suppress hydroxyl exchange, as in Ref. [25] .
Application of ZULF-NMR to non-liquid samples such as gels and polymers is an interesting direction for further investigation. ZULF-NMR may be particularly useful for the study of anisotropic materials, as the spin-spin interaction tensors are not truncated by large magnetic fields, allowing for the measurement of so-called ''non-secular'' terms. In combination with multi-dimensional and decoupling techniques, applications to more complex biologically relevant molecules are also the goals of ZULF-NMR. However, for materials with relaxation times shorter than 0.5 s, prepolarized nuclear spins become unpolarized during the shuttling process to the zero-field region. Further technical improvements (e.g., faster shuttling) will be necessary for application to solid systems with fast relaxation rates. 
